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Abstract 
We show that broadband magnetic response in visible range can be achieved through an Ag 
chiral Z-shaped nanohole array.  The broadband effect is realized by incorporating multi-scaled 
inverted SRRs and metal/dielectric nanostrip antenna in one unit cell of only 260 nm square 
lattice, resulting in multiple excitations of magnetic resonances at different wavelengths. The 
collective modes show structure dependence and respond separately to LCP and RCP incident 
light. The Ag Z- and reverse-Z-shaped nanohole arrays have been experimentally realized by 
shadowing vapor deposition method which exhibit broadband transmission difference, in good 
agreement with numerical simulations.  
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1. Introduction 
Magnetic response is unique electromagnetic (EM) property rare to be achieved in natural 
nonmagnetic materials [1, 2]. The negative permeability from magnetic coupling of EM fields is 
the basis of negative refractive index and thus enables applications, such as superlensing [3] and 
EM cloaking [4]. Strong magnetic response has been realized by using metamaterials through 
two kinds of basic configurations. One is split ring resonator (SRR) [5-8], in which the 
circulating current can be induced in the coil by specific polarization incidence leading to a 
magnetic-dipole moment normal to the SRR plane. The other is metal/dielectric nanostrip 
antenna [9, 10] which shows ultra-strong localization of EM fields at metal/dielectric interface 
due to excitation of plasmon resonance, thus has been widely used for inferred matematerial 
absorbers [11, 12]. In both configurations, single element can only work at certain frequency 
while the broadband responses are feasible by vertically stacking multi-layers [13, 14] or 
laterally arranging various sized subunits [15, 16]. However, it is still challenging to generate 
broadband magnetic response in visible range. The reason is that the magnetic polarization is 
originated indirectly from the flow of circuiting current or unpaired electron spins [1]. Hence, to 
obtain magnetic coupling in desirable direction, a more complicated arrangement with delicate 
elements is required which remains experimental challenge to current nanotechnology.  
    Here, we demonstrate broadband magnetic responses in visible range through Ag chiral Z-
shaped nanohole array. The design is based on shadowing vapor deposition method [17], in 
which multi-scaled inverted U-shaped SRRs can be effectively incorporated in single unit cell. 
The optical responses of Ag chiral Z-shaped nanohole array for circularly polarization incidence 
were studied by both experiment and numerical simulation which exhibit broadband resonant 
behavior with enantio-sensitivity to LCP and RCP. To further explain the spectral behavior and 
reveal the magnetic responses in such Ag chiral Z-shaped nanohole array, magnetic fields and 
current distributions at different wavelengths and directions were investigated.  
2. Design and experiment 
Figures 1(a) and (b) show the 3D schematics of Z-shaped nanohole array before and after two-
times shadowing vapor deposition. The geometric parameters of one unit cell in top view are 
shown in Fig. 1(c).  To begin, the PMMA Z-shaped nanohole array as shown in Fig. 1(a) was 
prepared by standard e-beam lithography (EBL) and lift-off procedures. Then it was coated by 
Ag in two directions indicated by the orange arrows in Y-Z plane and 45
o
 with Z-axis, see insets 
in Figs. 1(a) and (b). After deposition, 36 nm and 18 nm thick Ag, shown as orange color in Fig. 
1(b) was coated onto the top and the side walls of PMMA array to form inverted U-shaped SRRs 
(guided by black solid lines and numbered as SRRs 1-3 in Fig. 1(b)).  Moreover, 18 nm thick Ag 
nanostrips were coated onto the substrate along the vertical hole (Y-direction) to form 
metal/dielectric nanostrip antenna configuration (marked as resonator 4 as shown in Fig. 1(c)). 
Note that different from SRRs 2 and 3, SRR 1 is connected with the substrate as well as the 
bottom Ag strips.  Furthermore, the four resonators are connected with each other with many 90
o
 
corners formed in the connection regions.  
    The SEM images of the fabricated Ag Z- and reverse-Z-shaped nanohole arrays are shown in 
Figs. 2(a) and (b). The optical spectra were measured using a visible range (from 450 to 850 nm 
wavelengths) microscope optical setup reported before with circularly polarized normal 
incidence from the substrate side [18]. Figures 2(c) and (d) show the experimental transmittances 
of LCP (red) and RCP (blue) incident light for Z- and reverse-Z-shaped nanohole arrays, 
respectively, which exhibit good anti-symmetry as predicted for a pair of chiral nanostructures. 
The transmission differences (black curves), defined as T=TRCP-TLCPare also included in Figs. 
2(c) and (d), to express the anti-symmetry and broadband features even further. The resonant 
spectral property is represented by the dramatic transmission difference dip and peak around 670 
nm for Z- and reverse-Z-shaped nanohole arrays, respectively.  
3. Simulation and discussion 
To explore the broadband resonant behavior of Ag chiral Z-shaped nanohole array, numerical 
simulations were conducted using commercial finite-integration time-domain algorithm (CST 
Microwave Studio) software to obtain the optical responses of Ag Z- and reverse-Z-shaped 
nanohole array in the visible range. We used the dielectric constant of shadowing deposited Ag 
extracted following the procedures as reported earlier [19] and also known values for the PMMA 
and ITO glass to calculate the optical responses (transmittance T, reflectance R, and absorption 
A=1-T-R) for the array with parameters listed in Fig. 1 for circularly polarized light propagating 
along Z direction from the substrate side. 
    The simulation results of circularly polarized incident light for Ag Z- and reverse-Z-shaped 
nanohole arrays are shown in the left and right column of Fig. 3, respectively. The transmittances 
as shown in Figs. 3(a) and (e) exhibit good agreement with the experimental results in Figs. 2(c) 
and (d). The transmittance, reflectance and absorption of Ag Z-shaped nanohole array are shown 
in Figs. 3(a)-(c). It is obvious that the absorption is much higher than transmission and reflection 
over the whole spectra for both LCP and RCP incident light.  Moreover, the absorption of RCP is 
larger than LCP with two peaks at ~658 and ~734 nm for RCP incidence and one peak at ~600 
nm for LCP incidence, respectively, as shown in Fig. 3(c). To further characterize the chiral 
resonant properties of Z-shaped nanohole array, transmission and absorption (A=ARCP-ALCP) 
differences, were calculated as shown in Fig. 3(d) black and red curves, respectively. Broadband 
resonant behavior is observed in transmission and absorption differences, exhibited as an 
apparent dip of transmission difference around 690 nm (black curve in Fig. 3(d)), in good 
agreement with experimental result as shown in Fig 2(d) and three peaks of absorption difference 
around 565, 658 and 734 nm (red curve in Fig. 3(d)), respectively.  Furthermore, the opposite 
spectral behaviors due to reversed handedness of the structure are observed in Ag reverse-Z- 
shaped nanohole array as shown in the right column of Fig. 3. 
    To explain the spectral behaviors shown in Fig. 3 and display the functions of SRRs 1-3 and 
nanostrip antenna (resonator 4) as shown in Fig. 1, the magnetic fields in X and Y directions as a 
function of wavelength on cross-sectional planes of the resonators are shown in Fig. 4. The 
snapshots of current distributions are also included to reveal the underlying physics of magnetic 
plasmon modes in Z-shaped nanohole array. The position of each cutting plane is indicated in the 
right column of Fig. 4. For SRRs 1 and 2, response mostly to LCP incident light, X direction 
magnetic fields (Hx)  at Y=25 nm cutting plane (X-Z plane) are shown in the first column. It is 
clear that the magnitudes of Hx increase with the wavelength and ultra-strong resonances can be 
excited when the wavelength is longer than 790 nm. For SRR 3, more sensitive to RCP incident 
light, X direction magnetic fields (Hx) at Y=145 nm cutting plane (X-Z plane) are shown in the 
second column. Apparently, stronger magnetic resonances are excited in SRR 3 than those in 
SRRs 1 and 2 (first column) from 565 to 790 nm, which is the reason that RCP is more absorbed 
than LCP as shown in Fig. 3(c). Moreover, to show the magnetic response of Ag nanostrip 
antenna (resonator 4), Y direction magnetic fields (Hy) at the same plane as SRR 3 in second 
column are plotted in the third column of Fig. 4. It is clear that the magnetic fields are strong 
over a broad bandwidth with maximum response around 690 nm where is exactly the 
transmission difference dip as shown in Fig. 3(d).  Importantly, the light energy is concentrated 
in the dielectric layer underneath the Ag nanostrip which predicting strong magnetic coupling in 
this region. Such plasmon mode in resonator 4 is excited by the X-component of incident electric 
field, thus strong response can also be excited by LCP incident light. However, the magnitude 
differences of LCP and RCP (|Hy|RCP-|Hy|LCP) always exist over the whole spectra due to the 
chiral configuration of the structure.    
    The current distributions at resonance for magnetic plasmon modes in the first three columns 
of Fig. 4 are shown in the fourth column. Interestingly, for mode 1 in SRR 1, both circuiting and 
anti-parallel current flows (blue arrows) are observed and oscillate at opposite phase thus 
resulting in anti-parallel magnetic dipoles (black dot and cross) coupling along X-direction. In 
SRR 2 (mode 2), only circuiting current is excited and has 45
o
 phase delay compared with that in 
SRR 1. Such circuiting current is also excited in SRR 3 (mode 3) but responds mostly to RCP 
incidence. For mode 4 in resonator 4, current inside Ag nanostrip oscillates along X-direction, 
meanwhile, the magnetic component (Hy) of the oscillating electric dipole couples with the 
incident magnetic field to form a resonant magnetic response. The energy is mainly stored in the 
dielectric region since the incident light meets with the dielectric-metal interface first and most 
of the energy has been absorbed before penetrating the structure. Finally, the current distribution 
of magnetic mode 5 is also shown in the fourth column of Fig. 4. Such mode could appear at 
every 90
o
 corner in Ag Z-shaped nanohole array and induces magnetic dipole normal to the 
corner plane. A pair of coupled 90
o
 corners in sidewall or top Ag layer of Z-shaped nanohole 
array could induce parallel or antiparallel magnetic dipoles along Y or Z direction, respectively, 
although the magnetic coupling is not as strong as that in SRR 1 along X-direction.  Overall, the 
magnetic plamon modes observed in our Ag Z-shaped nanohole array are particularly important 
for the implementation of functional devices in the visible range. 
4. Conclusion 
In conclusion, a prototype of chiral magnetic metamaterial has been designed by incorporating 
different magnetic resonators in Z-shaped nanohole array and experimentally realized by using a 
simple two-times shadowing vapor deposition method. The broadband spectral behaviors result 
from multiple excitations of magnetic resonances in different resonators which are polarization 
sensitive to LCP and RCP in a chiral configuration. Magnetic couplings along X, Y, Z directions 
have been identified by simulating the magnetic fields and current distributions. Our Ag Z-
shaped nanohole arrays are instructive for negative index metamaterial study in visible range and 
have potential applications as broadband circular polarization absorber, biosensor and energy 
concentrator.   
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Figures: 
 
Fig. 1.  (a) 3D schematics of PMMA (green) Z-shaped nanohole array on ITO (blue) glass 
substrate (light blue). (b) Ag Z-shaped nanohole array by shadowing deposition of Ag (Orange) 
twice. Orange arrows indicate the directions of Ag flux with 1=2=45
o
. h1=120 nm, h2=156 
nm, h3= 65 nm, h4= 60 nm. Black lines indicate the inverted SRRs (solid) in a unit cell (dash). 
(c) Geometrical parameters of one unit cell in top view. d=260 nm, a1=a2= 57 nm, b1=50 nm, 
b2=b3=70 nm, w=73 nm, l=100 nm. The resonators are numbered from 1to 4. 
 
 Fig. 2. (a)-(b) SEM images of Ag Z- and reverse-Z-shaped nanohole arrays. Blue scale bars are 
200 nm. (c)-(d) Measured normal transmittances and transmission difference (black) of LCP 
(red) and RCP (blue) incident light for Ag Z- and Reverse-Z- (RZ) shaped nanohole arrays. 
 
 
 
 
Fig.3. Simulated transmittance, reflectance, absorption, transmission and absorption 
differences of Ag Z- (left column) and Reverse-Z- (right column) shaped nanohole array for 
normal incidence of circular polarizations. 
 
 
Fig.4. Left three columns: Calculated magnetic field profiles as a function of wavelength for 
Ag Z-shaped nanohole array. First column: Hx at Y=25 nm cutting plane with LCP excitation. 
Second and third column: Hx and Hy at Y=145 nm cutting plane with RCP excitation, 
respectively. Fourth column: Current distributions for magnetic plasmon modes 1 to 5. Position 
of each cutting plane and cross sectional views of planes Y=25 and 145 nm are shown on the 
right column.  
 
 
 
 
 
